Abstract We have established a new model for investigating the relationship between cochlear lateral wall damage and sensory cell degeneration in guinea pigs by using a photochemical reaction between the systemic injection of Rose Bengal (RB) and controlled green light irradiation to the cochlea. The photochemical reaction produced a reactive oxygen species, which then damaged the endothelium. This triggered platelet adhesion and aggregation at the site of endothelial injury to produce thrombi and affect microcirculation in the lateral wall at the site of irradiation. Changes were studied under a scanning electron microscope (SEM), and compound action potentials (CAP) were measured. SEM observations after tangential illumination of the cochlear wall revealed degeneration of the stria vascuralis (SV). Specific morphological findings at 24 h included delayed degeneration of the outer hair cells concurrent with a significant increase in the CAP. Based on these findings, we suggest that degeneration of the SV was a direct result of the photochemical reaction, but CAP changes and sensory hair cell damage were secondarily caused by SV degeneration.
Introduction
The role of the stria vascularis is to provide a proper environment for activation of the outer and inner hair cells by producing high potassium endolymph and maintaining a +80 mV endocochlear potential (EP) [22] . Thus, strial changes directly influence the hearing function of the cochlea. There has been some debate, however, as to whether strial degeneration actually induces degeneration in the sensory cells. Several reports have suggested that acute changes in the whole stria vascularis (SV) produced by ethacrynic acid [15, 19] or furosemide [3, 5] , and subacute diffuse degeneration of the SV in transgenic mice [21] , cause secondary damage in hair cell. In chronic and clinical situations, however, the evidence is not so clear. While Johnsson and Hawkins [10] reported possible recognized sensory cell degeneration resulting from strial degeneration, Pauler et al. [16] found that a point-to-point correlation could not be observed in human cochleas with strial atrophy. Because of this, we tried to determine whether limited lateral wall damage actually causes degeneration of sensory hair cells in the facing organ of Corti. Scanning electron microscopy (SEM) and cochlear compound action potential (CAP) measurements were used for morphological and physiological assessments.
In this study, we damaged the lateral wall of the guinea pig cochlea by using a photochemical reaction between green light irradiation and injected Rose Bengal (RB) dye. The photochemical reaction produce a reactive oxygen species, which damaged the endothelium [20] . This triggered platelet adhesion and aggregation at the site of endothelial injury to produce thrombi and cause a microcirculatory disorder in the lateral wall at the site of the irradiation.
We have already established a different model for inner ear microcirculatory disorders [7, 9, 14, 23, 24] . Vertical illumination in that model shed both the lateral wall and the organ of Corti, so that the inner and outer hair cells might have been exposed to the direct influence of the photochemical reaction. To clarify our hypothesis that limited lateral wall damage might cause secondary degeneration of the hair cells, we tried to produce a new model in which only the lateral wall was damaged and the organ of Corti was left intact. In our new model, green light ir-radiation was directed tangentially to the lateral wall in an attempt to confine degeneration to this side only.
Materials and methods
Twenty-three healthy male albino guinea pigs with normal Preyer's reflexes and weighting 250-500 g were used in this study. Ten animals underwent CAP measurements, while 13 were killed for SEM. The care and treatment of animals used in this study was approved by the Animal Welfare Committee of the Hamamatsu University School of Medicine.
Animals were anesthetized with 40 mg/kg intraperitoneal injections of pentobarbital. A catheter was inserted into the cervical vein for infusion of RB (Wako, Osaka, Japan) dissolved in physiological saline. Body temperature was maintained at 37.0 ± 0.5°C using a thermostatically controlled heating blanket.
The bulla of the left temporal bone of 13 animals was exposed ventrally and a small hole was opened with a burr. Photo-illumination to the cochlea was started after the systemic infusion of RB (20 mg/kg) from a catheter inserted in the jugular vein. The lateral wall of the second turn of the cochlea was illuminated tangentially for 10 min with 1-mm-diameter focused green light supplied by a 75-W xenon lamp (L-3306-01 A; Hamamatsu Photonics, Hamamatsu, Japan), as illustrated in Fig. 1 . The lamp was equipped with a heat-absorbing filter and a green filter to produce a cold, 54-nmwide band of light centered at 540 nm. The head of the optic fiber was fixed at 15 mm from the cochlea. Control animals (n = 10) were illuminated in the same manner after systemic infusion of physiological saline without RB.
Electron microscopy
Eight animals were killed by decapitation at 4 days (n = 1), 6 days (n = 1) and 7 days (n = 6) after photochemical treatment. Five control animals were processed 7 days after saline infusion and illumination. After death, left temporal bones were dissected out and perfused with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h via the round and oval windows. The bony cochlear wall was removed, and the membranous labyrinth was taken out under a dissecting microscope. Reissner's membrane and the tectorial membrane were removed using a fine forceps. Dissected specimens were further post-fixed in 1% OsO 4 , dehydrated in a graded series of ethanol, transferred to t-butyl alcohol, and freeze dried. Dried specimens were sputter-coated (JEOL, JFC-1100) and studied under a Hitachi S-800 SEM.
Electrophysiological studies CAP was measured in five photochemically treated and five control animals after RB or saline infusion at four time points: namely, before illumination, immediately after illumination, and then 30 min and 24 h post-illumination. Readings were made with a silver ball electrode placed on the ridge of the round window and a grounded reference electrode placed on the neck muscles. Electrodes were attached to a computed analyzer (Neuropack Σ; Nihon Kohden, MEB-5508).
Since the portion of the cochlea to be illuminated was situated approximately 11 mm from the basal end and this portion was known to detect 4 kHz sounds, tone bursts of 4 kHz were used as the stimulating sound. Tone bursts had a 0.5 ms rise/fall time and 1 ms duration and were delivered in an open air field at a rate of 10 times/s. Calibration of the acoustic system was performed at the position of the animal head using a sound level meter (Rion, NA-40). CAP thresholds were determined as N1 amplitude of less than 2 µV. Each set of measurements was performed 100 times.
All animals were killed after CAP studies and temporal bones were processed for SEM. An unpaired t-test was used to determine the statistical significance between the CAP threshold of the control group and RB group at 24 h after illumination. The paired t-test was used to determine the statistical significance between pre-and post-RB infusion CAP thresholds.
Sensory cell counts
Sensory cell counts were performed using SEM photographs. The numbers of hair cells in the three outer hair cell (OHC) and one inner hair cell (IHC) rows were determined for each unit of ten inner pillar cells (IPC). Hair cell counts at the treated portion of the cochlea were compared statistically with counts made at basally and apically adjacent areas by using one-way ANOVA. For significant differences, the Bonferroni/Dunn type of multiple comparison was used.
Results

Cell morphology
SEM examinations of the five control specimens 7 days after photochemical treatment revealed no damage to the SV or a decrease in the hair cells. In contrast, all eight treated animals displayed degeneration of the SV and a decrease in OHC, although IHC and inner sulcus cells (ISC) remained intact (Fig. 2) . The extent of the lesion of the strial marginal cell and organ of Corti degeneration looked similar in all animals regardless of time after treatment. The lengths of the SV lesions varied from 192 to 580 µm (mean, 380 µm). The area of OHC disappearance extended beyond the region of strial change and was approximately 150 to 200 µm in an apical direction and 500 to 550 µm in a basal direction.
The number of OHCs per row and total OHCs were found to be significantly decreased from control counts in all three rows of OHC at the site of the photochemical lesion and in adjacent areas (P < 0.01), as shown in Table 1 . At the lesion, second row counts were significantly decreased from third row counts (P < 0.05), but first row counts were not significantly changed from third row counts. In basal and apical adjacent areas, first and second row counts were also significantly decreased from third row counts (P < 0.05). However OHC degeneration 2.7 ± 2.7 *, ** 1.5 ± 1.9 ** 3.7 ± 2.7 *, ** 6.6 ± 1.0 OHC1 3.5 ± 2.9 ** 3.1 ± 3.2 2.8 ± 3.2 ** 6.9 ± 0.7
Whole OHC 11.4 ± 6.6 ***, **** 7.9 ± 6.6 *** 12.2 ± 6.7 ***, **** 20.5 ± 1.9 **** IHC 5.5 ± 0. tended to be less severe the greater the distance from the lesion (Fig. 3) .
CAP thresholds
Changes in CAP threshold are shown in Table 2 . In salineinjected control animals no significant changes were noted at any time before or after photochemical treatment.
In RB-injected experimental animals, no changes were recorded before and up to 30 min after illumination. At 24 h, however, a significant increase in threshold was noted (P < 0.01) compared to pre-treatment values (Fig. 4) , although SEM investigation revealed no evidence of OHC degeneration in any of the cochlea examined at 24 h (Fig. 5 ).
Discussion
The photochemical reaction between RB and green light is known to produce reactive oxygen species (ROS) [6, 17] . RB connects with plasma albumin and thus will not leak out of vessels. These in turn damage mostly the endothelium of a vessel [18] , resulting in thrombus formation. ROS produced in this manner are very short-lived and will disappear in a matter of seconds [13] . Therefore, if ROS cause direct damage to the sensory cells themselves and the endothelium of the modiolar vessels, an earlier appearance of OHC degeneration should be expected than was observed in the present investigation. From our present findings in our animal models, it is reasonable to assume that the effects of the photochemical reaction were limited to the lateral wall of the cochlea. Other bits of evidence support our assumption. Haircell counts in our animals showed a tendency for the first OHC row to be the most severely damaged and the third row the least. If hair-cell degeneration was produced as a direct result of illumination, then we would expect to see the third row display the greatest degree of damage, since this is nearest to the light beam. However, our results were the reverse. Our SEM observations also showed that degeneration of the OHC occurred far later than that of the strial marginal cells. Transmission electron microscope observations by Miyashita et al. [14] demonstrated that when both the lateral wall and organ of Corti were illuminated vertically, strial marginal cell degeneration occurred at 20 min after RB infusion and illumination but OHC degeneration was seen 12 h after photochemical treatment. Even in the severest strial damage seen by us, the OHC did not completely disappear but cells remained sporadically. Thus, hair-cell degeneration seems to have occurred as a secondary change following the SV lesion. Additionally, we found the IHC were found to be more resistant to strial damage than the OHC, indicating a difference in their susceptibility to injury.
In a previous study in our laboratory employing vertical illumination of the cochlea, an increase in CAP thresholds were observed within 15 min [9] . In our present study no significant increase in CAP thresholds appeared until 24 h. As the CAP is believed to be generated by the sensory cells of the organ of Corti [4] , a slow onset of CAP threshold change suggests that the hair cells were not directly affected by ROS.
We conducted measurements to see how far the lateral wall of the cochlea would be illuminated if the light-beam edge was juxtaposed to the third row of OHC. Nine animals were studied and the second cochlear turn was mea-185 The experimental group shows a significant increase at 24 h over the pre-illumination value (* P < 0.01), and over the experimental group at 24 h (# P < 0.05) sured in low magnification SEM photos. The cut-off curvature of the lateral cochlear wall was a length of 877 µm SV. Compared to this, the mean lesion size created by our photochemical treatment was 380 µm, indicating that illumination occurred on a portion of the lateral wall distant from the third row of OHCs. Our present evidence strongly suggests that the OHCs were not illuminated in our present experiment and thus were not directly affected by the ROS produced by the photochemical reaction. For this reason we assume that OHC degeneration was induced by degeneration of a directly injured SV.
It is not fully understood how SV degeneration induces OHC damage and resultant hearing disorders. Several studies have linked acute changes in the ionic composition of the endolymph to OHC degeneration [2, 11] . The administration of ethacrynic acid [2] and ouabain [11] decrease the concentration of potassium in the endolymph, resulting in a decrease in the endocochlear potential (EP). A decrease in potassium concentration through the use of furosemide [3, 5] or ethacrynic acid [15, 19] has resulted in hair-cell degeneration.
In a recent study an excessive amount of glutamate was found in the ischemic cochlea of gerbils [8] . The normal cochlear wall contains little glutamate [1] , but rather contains glutamate/aspartate transporter (GLAST) [12] . Damage to the cochlear lateral wall may result in an inhibition of GLAST, which in turn creates a localized increase in glutamate in the endolymph. Excessive levels of glutamate can cause cell damage, so that such toxic substances in addition to changes in the level of potassium might be responsible for producing hair-cell degeneration opposite focal lesions in the SV. 
